Objective: The purpose of this study was to investigate the test-retest reliability and concurrent validity of the joint angle of the lower extremities during sit-to-stand movements with wearable sensors based on a portable gait analysis system (PGAS), and the results were compared with a analysis system (MAS) to predict the clinical potential of it. Design: Cross-sectional study. Methods: Sixteen persons with stroke (9 males, 7 females) participated in this study. All subjects had the MAS and designed PGS applied simultaneously and eight sensor units of designed PGAS were placed in a position to avoid overlap with the reflexive markers from MAS. The initial position of the subjects was 90º of hip, knee, and ankle joint flexion while sitting on a chair that was armless and backless. The height of the chair was adjusted to each individual. After each trial, the test administrator checked the quality of data from both systems that measured sit-to-stand for test-retest reliability and concurrent validity. Results: As a result, wearable sensor based designed PGAS and MAS demonstrated reasonable test-retest reliability for the assessment of joint angle in the lower extremities during sit-to-stand performance. The intra-class correlation coefficients (ICCs) for wearable sensor based designed PGAS showed an acceptable test-retest reliability, with ICCs ranging from 0.759 to 0.959. In contrast, the MAS showed good to excellent test-retest reliability, with ICCS ranging from 0.811 to 0.950. In concurrent validity, a significant positive relationship was observed between PGAS and MAS for variation of joint angle during sit-to-stand movements (p<0.01). A moderate to high relationship was found in the affected hip (r=0.665), unaffected hip (r=0.767), affected knee (r=0.876), unaffected knee (r=0.886), affected ankle (r=0.943) and unaffected ankle (r=0.823) respectively. Conclusions: The results of this study indicated that wearable sensor based designed PGAS showed acceptable test-retest reliability and concurrent validity in persons with stroke for sit-to-stand movements and wearable sensors based on developed PGAS may be a useful tool for clinical assessment of functional movement.
Introduction
Sit-to-stand (STS) performance is important ability for daily activities such as transfer, ambulation, toileting, and stair climbing in healthy individuals particularly for persons with stroke [1] . In addition, STS ability is intimately related with gait and provides further functional self-support [2, 3] .
The STS test has been used for stroke survivors to predict their balance ability and fall risk and training of STS is routinely performed in the rehabilitation unit. Several researchers investigated that the effects of STS training on balance in persons affected with stroke and have shown improvements [4, 5] and plenty of evidence of interventions for improving STS ability has been suggested, however the quality of mea- surements are unclear [6] . With altered knee joint angles, varying amounts and levels of plantar pressure affects STS pattern on the affected side [7] .
Original Article
To assess STS performance, a variety of assessment tools have been used but researchers still prefer three-dimensiona (3D) motion capture systems based on image due to their accuracy aside from their uncomfortable features such as specialized gait analysis laboratory environment, painful cost, and the post processing period [8] . In recent years, the limitations of the motion capture systems lead to diverse approaches to developing wearable sensors and created a great deal of improvement. Furthermore, wearable sensors, which are wearable, extensible, and affordable, may more conveniently provide useful information in the field of stroke rehabilitation [9] . The gait analysis system based on wearable sensors may estimate static and dynamic kinematic data. In this study, the focus was placed on static kinematic data measurement, especially during STS movements, and variation of joint angles in the lower body segment of stroke survivors.
The purpose of this study was to investigate the reliability joint angles in the lower extremity in persons with stroke during STS movements with the wearable sensor-based portable gait analysis system (PGAS), and the results were compared with motion capture system in order to be able to predict its potential to serve as a valuable clinical measurement.
Methods

Participants
Twenty persons with stroke were initially recruited from a local rehabilitation hospital, however, two potential participants did not meet the experimental criteria and two participants withdrew during the experimental trials. For that rea-son, only sixteen subjects were participated in this study. The inclusion criteria were stroke survivors who were at least six months post stroke and those able to understand the given instruction during the experimental procedure [10] . Subjects who had a Modified Mini Mental State Examination-Korea score of under 24, comprehensive aphasia, neglect, medical instability such as uncontrolled hypertension, and arrhythmia were excluded [11] .
In addition, all procedures involved in the experimental protocol were explained to each participant and were approved by the Institutional Review Board of Sahmyook University (SYUIRB2014-092). All subjects provided written informed consent prior to enrollment in this study.
Procedures
The motion analysis system (MAS) and wearable sensor-based PGAS were simultaneously applied on the participant and eight sensor units of designed PGAS were located without overlapping the reflective markers of the MAS. The initial position of subject was 90º angle of hip and knee flexion while sitting on a chair and 90º angle of ankle dorsiflexion with foot placed on the ground. The chair which was an armless, backless chair that was firmly fixed to the floor, and the height was adjustable for each individual [12] . Eight sensor units, which were consisted of a wireless tri-axial accelerometer and gyroscope sensors, were attached on the lower extremities with straps for measurement of variation of joint angles during the sit to stand performance [13] . Markers, which enabled the Visual 3D (C-Motion, Rockville, MD, USA, 2012) to reconstruct the digital skeleton of the subject and the sensor units from the designed PGAS were attached by the identical physical therapist. Eight sensor units were placed in a position to avoid overlap with reflective markers from the motion capture system. All subjects performed three trials of sit to stand, which con-sisted of one practice trial and a repetition of two more trials (Figure 1 ). After each trial, the test administrator checked the quality of measured data during sit to stand for test-retest reliability.
Four skilled physical therapists that had received training for the experimental protocol had supervised the patient during the experimental procedure and two test administrators had checked the data from each system. Before the experiment, leg lengths (from great trochanter to lateral epicondyle, from lateral epicondyle to heel though the lateral malleolus) were measured. Eight sensor units were placed on the anterior superior iliac spine (ASIS on pelvis), mid-thigh, mid-shank, and the forefoot of both lower extremities and were attached with straps. In addition, reflective markers from the MAS were placed on the ASIS (pelvis), sacrum, iliac crest, greater trochanter, thigh, lateral knee, medial knee, shank, lateral ankle, medial ankle, heel, and the first and fifth metatarsal bone [14, 15] .
Experimental assessment tools and data collection 3D motion analysis system In this study, the Qualisys (Qualisys AB, Gothenburg, Sweden, 2012) was used, which consisted with six infrared cameras and software. The system recorded the data from the camera every 100 Hz and the cameras were calibrated on the test day. This system tracked the position of the retro-reflective markers, calculated the temporal and spatial parameters, and then reconstructed a digital skeleton of the subject by Visual 3D.
The software 'Track Manager' (Track Manager version 2.5, Qualisys, 2012) was used for processing and computing the temporal and spatial parameters of the motion data and the 'Visual 3D Basic' (C-Motion, Rockville, MD, USA, 2012) reconstructed the anatomical structure of the lower body. This program had likewise calculated the angle variations for the subjects' lower extremities, hip, knee and ankle joints [16] .
Portable gait analysis system
The PGAS used in this study consisted of eight 3D inertial measurement unit (IMU) boards as wireless sensors, and one main board as a fusion center. Basically, Euler's angles (roll, pitch, and yaw) can be adopted in the space coordinate to measure the patients' joint angles and walking speeds with the IMU [17] , i.e., a roll is a clockwise rotation about the x-axis, a pitch is a clockwise rotation about the y-axis, and a yaw is a clockwise rotation about the z-axis. Each IMU board possessed a magnetometer, an accelerometer, a gyroscope, and a Bluetooth transmitter powered by a rechargeable battery, while the main board included eight Bluetooth receivers and a micro controller unit (MCU) powered by a host computer through a universal asynchronous receiver and transmitter (UART) to a universal serial bus (USB) bridge [18] . Using the sensors attached to the parts of the body, each IMU board could measure the absolute angles of the foot, shank, thigh, and trunk referenced to the axis perpendicular to ground, and transmit the measured angle data to the main board through the air. In this case, the IMU boards were attached to each part of the body for the z-axis to face the direction of movement, so that the precise roll angles could be used to obtain the joint angles. Once the fusion center receives the raw angle data via the Bluetooth receivers, the MCU of the fusion center combined the angle data, and transmited the combined data to the computer connected by a UART and USB bridge. Then, the application software in the computer manipulated the raw data to obtain the relative joint angles of the ankle, knee, and hip, and displayed the raw and manipulated data on the computer screen so that researchers could recognize and use the data for analysis.
Statistical analysis
The IBM SPSS Statistics for Windows, Version 20.0 (IBM Co., Armonk, NY, USA) used in performance of all statistical analyses. Results were presented as mean±standard deviation.
The Shapiro-Wilk test was used to analyze the normal distribution of the medical and general characteristics of subjects. Test-retest reliability between the PGAS and MAS were estimated using the intra-class correlation coefficient (ICCs). Pearson correlation coefficient (r) was used for concurrent validity between systems for the sit to stand joint angles. For all tests, the statistical significance was set at 0.05.
Results
Subjects' general characteristics
For general characteristics of subjects, the sex, age, height, weight, leg length, affected side and stroke type were evaluated ( Table 1) .
Out of the 16 adults with stroke, there were 9 males (56.3%) and 7 females (43.7%). Considering the stroke type there were 6 with hemorrhagic (37.5%) and 10 with in- Values are presented as mean (SD). ICC: intra-class correlation coefficient, PGAS: portable gait analysis system, MAS: motion analysis system. farction 10 (62.5%), in addition, 9 subjects were affected on the left (56.3%) and 7 were affected on the right (43.7%). The mean age was 60.19±9.01 years, the mean height was 163.50±8.80 cm and the mean weight was 59.44±11.64 kg. The mean thigh length was 37.50±2.48 cm (affected) and 37.31±2.27 cm (unaffected). The mean shank length was 44.69±3.16 cm (affected) and 44.63±3.24 cm (unaffected) respectively.
Test-retest reliability
As can be seen in Table 2 , a reasonable reliability of both systems in variation of joint angle during sit to stand performance is indicated. The ICCs for the wearable sensor-based designed PGAS showed an acceptable test-retest reliability value, with ICC values were ranging from 0.759 to 0.959. The MAS showed good to excellent test-retest reliability, with ICC values ranging from 0.811 to 0.950.
Concurrent validity between PGAS and MAS
The results of concurrent validity between PGAS and MAS for joint angle of sit to stand are as follows (Table 3) . A significant positive relationship was observed between PGAS and MAS for variation of joint angle during sit to stand movements (p<0.01). A moderate to high relationship was found in affected hip (r=0.665), unaffected hip (0.767), affected knee (r=0.876), unaffected knee (r=0.886), affected ankle (0.943) and unaffected ankle (0.823) respectively.
Discussion
The aim of this study was to evaluate the test-retest reliability of the lower extremity joint angles during STS movement performance with wearable sensors based on the developed PGAS. Test-retest reliability was determined by ICCs. The ICC range of 0.7 to 0.79 was considered 'good' reliability, 0.8 to 0.89 was 'great' reliability, and greater than 0.9 was considered to be 'excellent' reliability [19] . The wearable sensor-based designed PGAS and MAS, which is well-known as gold standard system, demonstrated reasonable test-retest reliability for the assessment of lower extremity joint angles when performing STS ( Table 2 ). Considering the concurrent validity, a significant positive relationship was observed between the wearable sensor-based designed PGAS and the MAS for variation of joint angle during STS movements (Table 3) .
Recently, the application of portable systems with wearable sensors in the rehabilitation field has been widely studied due to its convenience [20] and the analysis and application of STS performance in stroke rehabilitation also has been studied with a variety of subjects of different ages. The PGAS based on wearable sensor provides beneficial information as an effective clinical tool in flexible environments. In order to achieve STS, it requires body coordination, balance, stability, and muscle strength [21] . STS is a series of sequence, such as preparatory phase which leads to the seat off state, transfer phase, which is displacement of the center of body mass, the extension phase, and the stabilization phase, which is the final rising [22] . However, individuals post stroke suffer lack of body coordination, muscular activation change, difficulty with postural control and asymmetrical weight bearing [23] .
In stroke rehabilitation, analysis of the lower extremities during STS provide information for planning of treatment, clinical progress and outcome measurement, and assist to restore an independent functional levels for stroke survivors. In addition, fall risk estimation is one of the important processes as a prerequisite for ambulation, and the Timed Up and Go test is one of the most useful tools for predicting fall risk. Therefore, the STS movement is a process that should be carried out in advance to perform ambulation, and is a basic element to acquire functional self-reliance for post stroke individuals [24] [25] [26] . Furthermore, independence in activity of daily living is associated with quality of life and is important in rehabilitation of the stroke survivor.
This study may eventually lead to a wide range of applica-tion of motion analysis using wearable sensors during STS in in the rehabilitation of poststroke individuals.
